3. Overview of the cold air outbreak event in the case study a. Synoptic conditions of the case study 148 Fig. 1 gives a synoptic view of the extratropical cyclone selected for the case study. After 24 149 hours of simulation, on 15 January 2004 at 1200 UTC, a fold of the tropopause associated with 150 a planetary wave is passing over the east coast of North America. It coincides with a lower level 151 cyclone at 60 o W and 50 o N, identified by a minimum of sea-level pressure. One day later, on 16 152 January, the upper and low-level cyclones have mutually amplified and moved eastward: the mini-153 mum of SLP is now located over Nova-Scotia. At that time and during the next 24 hours, the entire 154 region of the Gulf Stream basin is located in the cold sector of the storm. The propagation and 155 magnitude of the lowest pressure in CNTL and SMTH is almost identical in the two simulations 156 (938 mb) so that the value of the lowest pressure is only marginally affected by the SST gradient extend vertically throughout the troposphere. Between them, the cold sector ascent reaches the 191 mid troposphere only. In this section, we follow the modeling strategy of Minobe et al. (2008) and investigate the 195 sensitivity of air-sea interactions in the extra-tropical cyclone described in section 3 to a smoothing 196 of the SST gradient. The simulation with smooth SST gradient is called SMTH. 197 In Fig. 4(a) , we present the total precipitation in SMTH. The overall pattern resembles the one 198 in CNTL (Fig. 2(a) ). The regions away from the smoothed SST gradients are very similar but 199 the sharp maximum that was simulated on the south edge of the SST front has disappeared. As in 200 CNTL, there is precipitation in the cold sector in SMTH (4b.) but the magnitude is weaker and it 201 extends further northward (compare with Fig. 2(c) ). The difference in total precipitation between 202 CNTL and SMTH is partitioned between cold sector and outside the cold sector in Fig. 4 (c) and 203 (d). The difference in precipitation outside the cold sector is relatively noisy as can be expected 204 over such a short period of time. It is made of alternating positive and negative anomalies, which 205 correspond to slight displacement of the frontal region between the two simulations. There is no 206 clear relation between this difference and the SST front, except around 70 • W where a northward 207 shift of precipitation is observed in SMTH. In contrast to this, the difference in precipitation in 208 the cold sector forms a coherent dipole of anomalous precipitation, with enhanced precipitation 209 over the warm side of the SST gradient in CNTL and reduced precipitation over the cold side. 210 The precipitation anomaly reaches 10 mm.day −1 in CNTL ( Fig. 4(c) ) and is mostly formed of 211 convective rain (not shown). 212 These previous results have many implications. First, it shows that a modulation of precipitation 213 by the SST front is already noticeable for a single synoptic event. Hence, a case study may prove 214 to be sufficient to unravel key mechanisms. Second, the effect of the SST gradient is mostly 215 found on convective precipitation, which is also the case in a long and stabilised simulation as 216 shown by Kuwano-Yoshida et al. (2010) , giving credit that similar processes are at work. Finally,
217
given that convective precipitation is also simulated in SMTH in the cold sector, main effect of 218 the SST gradient is to modulate the amount of convective precipitation rather than initiating the 219 development of cumulus convection. As briefly reviewed in section 1, several studies showed that pressure adjustment in the boundary 222 layer is the principal mechanism leading to surface wind convergence and ascent on the warm side 223 of the Gulf Stream. This relationship was demonstrated for a five year mean by Minobe et al.
224
(2008) but also for a shorter period of time such as a few weeks of cold air outbreak by Nelson and 225 He (2012). In this section, we investigate if the pressure adjustment mechanism still holds over 226 one day of cold air outbreak.
227
The difference of vertical wind at 700mb between the two experiments ( Fig. 5(a) ) forms a dipole 228 slightly downstream of the precipitation dipole ( Fig. 4(c) ). Surface wind divergence form a dipole 229 identical to the vertical ascent one ( Fig. 5(b) ).
230
Unlike for the long term mean in Minobe et al. (2008) , we did not find a good colocation of 231 the dipoles of Laplacian of sea-level pressure (Fig 6(a) ) and surface wind convergence at the time 232 scale of one synoptic event : the former follows the SST gradient from the North American coast 233 whereas the latter is significant only west of 65 • W. This is actually not surprising as the sea-level 234 pressure directly reflects the anomaly of SST in the two simulations but the strong background 235 advection in the cold sector prevents the bulk of the boundary layer from being in equilibrium 236 with local SST, as suggested by Small et al. (2005) . Considering pressure integrated in the bound-237 ary layer instead of sea-level pressure may reflect better the pressure forcing driving wind in the 238 boundary layer. The pressure anomaly between CNTL and SMTH computed over the total depth 239 of the boundary layer is shown in Fig. 6(b) . The Laplacian of boundary layer pressure anomaly 240 forms a dipole located eastward compared to the Laplacian of SLP anomaly (Fig 6(a) ), and the 241 former is in better agreement with surface wind divergence than the latter ( Fig. 5(b) ).
242
In Fig. 7 shows the difference of wind between CNTL and SMTH in a meridional section zonally 
250
In conclusion, several elements that have been described in previous studies such as the anoma-251 lous convergence of surface wind, ascent on the warm edge of the SST front, and a circulation 252 cell perpendicular to the SST gradient are present in this case study. However, the lack of spatial 253 correspondence of the anomalous surface wind divergence and the Laplacian of SLP on the one 254 hand, and the better agreement of the wind divergence with Laplacian of pressure integrated in the 255 boundary layer on the other hand, suggests that the pressure adjustment mechanism in the cold 256 sector of extratropical storms needs to be revisited (in section 5). 257 c. Balance between surface wind convergence and convective precipitation 258 In this section, we investigate the potential effect of surface wind convergence on convective 259 precipitation. To that end, we computed in the two simulations the moisture budget integrated 260 vertically over the depth of the boundary layer, following Kuwano-Yoshida et al. (2010) :
where 0 is the sea surface, HT the tropopause height, u the velocity, q the specific humidity, and The difference between the tendencies in CNTL and SMTH reveals a slightly different balance 279 ( Fig. 8(c) ). In the cold sector (that is to say during the third day of simulation), the excess of con-280 vective precipitation in CNTL is largely balanced by an anomalous convergence of moisture, even 281 though convective precipitation is not in balance with convergence of moisture in each experiment 282 taken individually (see third day in Fig. 8(a) and (b)).
283
The results in this section have shown the primary role of surface wind convergence in supplying In the diagnostic MABL model presented here, the surface moist entropy plays a central role.
308
Moist entropy is modified by the accumulation of surface fluxes as parcels move over the sea 309 surface and when saturated it can be related in a simple manner to local CAPE (Emanuel, 1994) . Moreover, we note that the difference in convective precipitation is located further downstream of 322 the enhanced heat fluxes (see Fig. 4 ), suggesting that the air mass needs to accumulate moisture We now try to relate the difference in entropy in the boundary layer to the local difference in 343 CAPE. Emanuel (1994) showed that CAPE can be expressed in term of entropy using Maxwell's 344 relation, as:
where T LFC is the temperature at level of free convection (LFC), T LNB is the temperature at level of neutral buoyancy (LNB), s p is the entropy of the ascending parcel, s env the entropy of the 347 environment. The advantage of using entropy in the formulation of CAPE is that s p is conserved 348 during the moist adiabatic ascent and is thus equal to the surface saturated moist entropy (that is 349 noted s * 0 hereafter). We make the assumption that the difference in temperature at level of free 350 convection between CNTL and SMTH is close to the difference in temperature at level of neutral 351 buoyancy. In other words, we assume that the temperature profile is shifted by the same amount 352 over the vertical and that the depth of the convection is not significantly affected. We can then 353 compute the difference in CAPE between the two simulations as follows :
where ' denotes the difference between CNTL and SMTH. This equation is interesting as it em- between CNTL and SMTH. The first term on the r.h.s. gives its sign to CAPE , whereas the sec-358 ond, accounting for the difference in the environment in the two simulations due to the convective 359 adjustment upstream, will partly compensate the first term.
360
The difference in CAPE between CNTL and SMTH output directly the model (Fig. 11(a) ) is 361 compared with the difference in CAPE calculated analytically with Eq. 3 ( Fig. 11(b) ). The level 362 of free convection and neutral buoyancy (not available in our simulations) were recomputed using 363 Emanuel's program calcsound (Emanuel, 1994) , given the vertical profile of temperature, pressure the front (Fig. 11(a) ). The difference in analytic CAPE captures to a large extent the difference in CAPE calculated by the UM : the amplitude of the dipole is of the same order of magnitude 368 and the largest value of the difference is found around 60 • W. The discrepancies between UM and 369 analytic CAPE patterns may be due to using LFC and LNB from calcsound. Logically the analytic 370 CAPE is overestimated compared to UM CAPE as no downdraft or air entrainment is taken into 371 account in calcsound that could inhibit convection.
372
We want to test if the change of CAPE on the warm flank of the Gulf Stream can explain the 373 increase in convective precipitation. To do so, we have computed a distribution of the amount of 374 convective precipitation as a function of UM CAPE (Fig. 12) . The amount of convective precip-375 itation is almost a linear function of CAPE. From the distribution, we evaluate that an increase 376 of CAPE of 50 J.K −1 .kg −1 as observed on the warm side of the SST gradient corresponds ap-377 proximately to an increase of precipitation from 5 to 10 mm.day −1 , which is consistent with Fig.   378 4(c).
379
The results of this section confirm that the SST gradient modulates the entropy of the parcels :
where ε is a friction parameter, f is the Coriolis parameter, v 0 the difference in surface wind be- anomalous circulation simulated in UM ( Fig. 5(b) ). 404
Conclusion and discussion

405
The present study reconciles the explanation given for several climatological features of the 406 Gulf-Stream region and demonstrates the close connection between air-sea interactions during 407 cold air outbreaks and the climatological band of precipitation.
408
To evaluate the impact of air-sea interactions in the cold sector, we followed the strategy of ther observed (CNTL) or with smoothed gradients (SMTH). The set-up used here, with the same
where (u,v) are respectively the zonal and meridional components of the horizontal wind, f, the 482 Coriolis parameter, φ , the geopotential, and τ, the wind stress. In this problem, the length scale is 483 1000 km, a typical wind speed is 10 m.s −1 and the Rossby number is 0.1, so that we can linearize 484 A1 and A2. and considering the small perturbation in momentum equation induced by the SST 485 difference between CNTL and SMTH (denoted by the prime symbol). Taking the ∂ x (1) + ∂ y (2) 486 and ∂ x (2) − ∂ y (1), leads to :
Differentiating A3 and A4 once with respect to pressure gives :
Integrating vertically from the surface (denoted by the index 0) to above the boundary layer 491 where the divergence of the anomalous wind is zero (see Fig. 7 ) and the wind stress is neglected,
492
gives :
The surface stress can be expressed in term of drag coefficient C D and the surface wind speed,
To estimate the vertical derivative of wind stress on the r.h.s, we con-
|V | c is a typical value of wind speed in the boundary 498 layer and in the cold sector of extratropical storms and H BL is the mean depth of the boundary 499 layer in the cold sector. Assuming steady state for the sake of simplicity, replacing the wind stress 500 by the approximated formula in A7 and inserting A8 in A7, we obtain :
Now, following Emanuel (1994) and using Maxwell's relations, we can relate the fluctuations of 502 the parcel specific volume at constant pressure to the fluctuations in saturated moist entropy :
Where convection occurs, an ascending surface air parcel conserves its entropy (s * 0 ) and since 504 the level of neutral buoyancy is reached at the top of the boundary layer, we can write :
Inserting the expression of α in eq. A11 in A9 and integrating over the boundary layer depth 506 gives :
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